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CHAPTER I 
INTRODUCTION 
A. General 
Soil is one of the basic engineering materials. 
Soil found in nature usually has to be moved or at least 
altered to fit the needs of the engineer and man. 
Thr.ough many years of study, it has been found that 
one of the best methods of classifying soils is by 
strength, and the best and most economical method of 
obtaining strength is by compaction. Other methods using 
lime, lime flyash, cement, and phosphoric acid compounds 
are usually costly and may utilize c~mpaction anyway. 
By compacting a soil, the shear strength is increased, 
permeability decreased, and future settlement or consoli-
dation decreased. These properties. of' permeability and 
consol.idation are important in the design of any struc-
ture~ whether it is a dam, single or multi-stciry build-
ing, bridge, highway, or lagoon. The engineer must be 
sure that the consolidation and permeability of the soil 
are such that the structure will be able to function £or 
many years to come (6, 22, 26). · 
·B. Permeability 
In soils engineering, permeability is a soil proper-
ty which indicates the ease with which the water is able 
to travel through its interconnecting voids (pores). 
The resistance to flow is dependent upon the type of 
soil, size and shape of the soil grains (rounded, angu-
lar, or flaky), the degree of packing (density of the 
soil), and the geometry of the voids (15). 
Permeability plays a vital part in problems related 
to drainage of highways and agriculture lands, seepage 
through earthen darns and levees, uplift pressures be-
neath concrete dams, estimating avail~ble ground water 
storage, and de-watering of excavation sites to permit 
construction. In all these instances permeability 
characteristics of the soil have a controlling influ-
ence on the effective strength properties of the soil. 
The determination of tne permeability of a soil is 
therefore a most important aspect of soil testing and 
analysis. 
Water movement through soil follows the principles 
established by Darcy (1856) between hydraulic . flow and 
hydraulic gradient. Darcy's basic work consisted of 
permeability tests on saturated silicious sand. He 
established an equation relating flow, velocity, time, 
and area: 
v = Q = K H = Ki •...•• Equation 1 
At L 
The velocity, v, is an average overall velocity computed 
on the basis of the qtiantity of flow, Q, in a time, t, 
2 
and of the entire gross cross sectional area of the 
soil column, A. The hydraulic gradient, H, is expressed 
L 
as the ratio of the head of water, H, causing a flow 
through the length of the soil column, L, in which the 
head is lost. K, is Darcy's experimental · value called 
the coefficient of permeability. This equation is more 
frequently seen in the form v = Ki where, i, is the 
hydraulic gradient (~). 
Soils with permeabilities less than one micron per 
second are often considered impervious. These soil 
types are becoming more and more useful in projects such 
as lining canals and reservoirs and in the construction 
of cores in darns (1). Thus, more information is needed 
concerning the property. of perrneabili ty· of these soils. 
The factors that affect the value of the coefficient 
of permeability for a particular soil are these: soil 
composition, ·permeant characteristics, void ratio, de-
gree · of saturation, and structure. Because of these five 
factors, fine-grained clay-type soils will not follow 
exactly Darcy's equation. An equation reflecting the 
influence of the permeant and the soil characteristics on 
permeability was developed by Taylor (1948) using Poise-
uille's law. The equation is 
K = D 2 y e3 
s v (l+e) 
c Equation 2 
where K = Darcy's coefficient of permeability, Ds = the 
3 
effective particle size, y = the unit weight of the 
permeant, v = the viscosity of the permeant, e = the 
void ratio, and C = the shape factor~ 
This equation is limited to the soil~ · engineer for 
two reasons: (1) the difficulty in selecting effective 
"constants" and (2) the fact that the terms are all re-
lated and dependent upon each other. Thus one must 
interpret the properties of the soil sample correctly 
to obtain a ~eliable value for the permeability (3, 8). 
For a given soil and permeant, the relationship 
between permeability and the values of void ratio and 
specific surface is expressed by the Kozeny - Carman 
equation: 
K. = 1 x ej 
k0 s2 v (l+e) 
Equation 3 
where K =absolute permeability, k
0 
=.a constant depen.~ 
dent upon pore shape and orientation, S = the specific 
surface, e = the void ratio, y = the unit weight of the 
permeant, and v = the viscosity of the permeant. The 
value of k s2 is a term indicating the degree of orienta-
a · 
tion of the soil particles. It can be observed that as 
the particle orientation, k
0
S 2 , becomes greater the 
permeability value, K, becomes smaller (24). 
R. E. Olson has shown that the more nearly parallel 
the clay plates, the smaller is the average void avail-
able for flow and thus the degree of permeability is 
4 
smaller. Increasing the compaction effort at any given 
water content increases the orientation of particles and 
therefore gives a higher density (7, 8, 12, 18, 19). 
This tendency is illustrated in .Figure 1. 
At the low water content WA (Figure 1) the repul-
sive forces between particles are smaller than the 
attractive forces, resulting in a net attraction be-
tween particles, and the particles . therefore tend to 
flocculate in a disorderly array. As the water content 
is increased, the repulsion between particles in-
creases, thereby permitting the particles to disperse 
and slide into a more orderly array. Increasing the 
order of particles increases the density until the water 
content WB is reached. . Beyond WB the degree or particle . 
parallelism increases, but the density decreases because 
water begins to occupy space which could be filled with 
soil particles. 
Comparing permeability values on the wet and dry 
sides of optimum percent moisture, one finds a much 
higher permeability for soils compacted dry of optimum 
than for soils compacted wet of optimum moisture content. 
Since the sample compacted dry ·of optimum has a more 
·random orientation, it has a greater numb.er of large 
pores than the sample does with more nearly parallel 
arrangement obtained from wet ~ide compaction. The 
5 
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Figure 1. Effects of Compaction on 11 Structure 11 • 
larger the individual pores for any given total pore 
area, the greater the flow, thus a high permeability (8, 
9, 14, 17, 18, 19). 
The values of permeability on the wet.side of opti-
mum moisture content tend to increase with the addition 
of more water, but this increase is at a much slower 
rate. Thus one would expect a graph of percent moisture 
vs. dry. density and permeability to be in the general 
form of Figu!e 2. 
From this graph it can be seen that on the dry side 
of optimum moisture content the change in the value of 
permeability is large and rapid, but that on the ·wet side 
of optimum water content the change {increase) in per-
meability is much less .and at a much slower rate. 
If compacted on the dry side of optimum moisture 
content, soils will have higher pe~me~bilities, hi~hei 
shear. strength, less susceptibility to shrinkage, but 
it will be more susceptible to swell and will have 
higher absorption of water than a soil compacted on the 
wet side of optimum percent moisture• 
C. Consolidation 
Consolidation or settlement to the soils engineer 
refers to an adjustment of a soil to an applied load 
(25). The consolidation -of sand or coarse-grained 
soils is almost instantaneous, but the consolidation of 
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Figure 2. Effects of Compaction on "Permeabi 1 i ty". 
clay may take a long period of time. Thus consoli-
dation depends on grain size, void shape, and -density. 
For each increment of load applied to the sample in a 
consolidatiort test, a time vs. deformation curve may be 
plotted (Figure 3). From each time vs. d~formation curve, 
consolidation and permeability data may be obtained (16). 
This data is used in equation 4 to find consolidation: 
c - = T (HC) 2 Equat1'on 4 
v tso ····· 
where Cv = the coefficient of consolidati~n, He = the 
half thickness of the sample, T = a time factor, and 
t 50 = the time for 50 percent consolidation. And the 
data is used in the equation for permeability: 
K = Cv Av Y - E t' 5 
1 
. . . . . qua 1on 
+ eo 
where K = the coefficient of permeability, Cv = the 
coefficient of consolidation, Av = the coefficient of 
compressibility' y = the unit weight of wate"r ~ and 
e = the void ratio. 0 
Clays are so irnpervi6us that water is trapped in 
· the pores. When a load is applied, this water cannot 
immediately escape; this delay is termed hydrodynamic 
lag (20). The soil particles are squeezed together 
because of the load, the effect of which is that of 
"pushing" the water out. As the water is forced out, 
the soil particles move closer together filling the 
voids. The settling rate is fast at · first and then 
9 
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Figure 3. Typical Time vs. Deformation Curve. 
decreases to a s maller value as time increases. 
Settlement is an important property to study today 
because o f -the many uses of undesirable construction 
sites, the higher loads on foundations, and settlement 
is now as sociated with stability analysis. 
D. Theories of Compaction Curves 
For most soils there~ is a basic relationship be-
tween percent moisture and density (compaction curve) 
(Figure 4a). It can be seen that a typical soil has a 
single peak point of highest density . From this single-
peak curve the correct moisture content can be found 
and used i n the field to give the be st compaction re-
sults. I t is at this peak point of highest density and 
corresponding moisture content that the particular soil 
will have l owest ~uture settlement and lowest permea~ 
bility. Any other point on the curve wi ll raise settle-
·ment and raise permeability. 
Very .cohesive soils such as those c ontaining mont-
morillonite , illite, or kaolinite exhibit what has been 
termed i rre gular-shaped compaction curves. That is, 
curves that do not follow the usual pattern of a single-
peak curve. 
There are three different classifications of ir-
regular-shaped compaction curves: double-peak, one-and-
one-half peak, and oddly shaped curves {Figure 4bcd) . 
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Ve ry little work has been done on irregular-
shaped compaction curves. Only a few people have even 
tried td explain t h e i r occurrence. One of the early 
men who noted the irregular-shaped compaction curves was 
R. E. Ol son. Olso n based h is theory of irregular-
shaped compaction curves on four theories on single-peak 
compaction curves and on limited laboratory experiments. 
·-
The se fou r theories on single-peak compaction curves 
were as follows: 
Proctor's capillarity and l ubrication theory (23) 
concludes that moisture has two effects on the soil. 
The first effect is capillarity and i s only present at 
very low water contents . . Each soil part i cle is sur-
rou~ded by a thin film of moisture and at the place where, 
these moisture films come into contact with each other, 
a resistance is produced as a result of capillary ·forces 
causing a relatively high resistance. This high resis-
tance is r elated to high shear strength which ·causes a 
relatively l ow dry density. As more water is added, the 
particles begin to slide over one another, causing an 
increase i n dry density. This process of lubrication 
continues u n t i l the water particles start to replace the 
soil particles which will decrease the d r y density again. 
Hogentogler 's viscous water theory (5) applies _ only 
to an extre mely small region of the compaction curve, 
292 527 
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that beirig ·where the ·water content is very .low. H.ogen-
togler contends that at low water contents the thickness 
of the water layers is small: thus the water is very 
viscous _causing a high shear strength and a ~ow dry den-
sity. He goes on to postulate that the cohesiveness of 
water decreases as the distance from the particles in-
creases. As more water is added, the water layers become 
thicker and less cohesive, resulting in greater dry 
densities. 
Lambe's physico-chemical theory (10) is based on 
surface chemical theories. At low water conients the 
electrolyte concentration in the pore water is high. 
This causes flocculation of the particles and thus low 
dry density. As more water is added, electrolyte con-
centration in the pore water is high. This causes floc-
culation of the particles and thus low dry density. · As 
more water is added, electrolyte concentration is de-
creased reducing flocculation and increasing dri den~ 
sity. Lambe describes this effect as one of lubrication. 
R. E. Olson's effective stre ss theory (21) is the 
most recent theory. This theory is based on the fact 
that on the dry side of optimum water content the effec-
tive stresses are small and the pore pressure has no 
effectiv~ stresses. As more water is added, pore pres-
sure increases, thus decreasing effective stresses. A 
qecrease in effective stresses reduces the shearing 
strength and increases the dry density. Olson concludes 
that this process continues until maximum moisture con-
tent is reached. 
From these four theories Olson has developed his 
own theory on irregular-shaped compaction curves. The 
first peak at the lower water content in a double-peak 
irregular-shaped compaction cirve , Olson reasoned that 
because of the dryness of the soil there is a high sur-
face friction resulting in a low dry density yet a high 
shear strength. As more water is added, a lubrication 
effect takes place, thereby increasing the dry density. 
At this point water menisci also begin to form, pro-
viding more particle interference. The point wh~re lub-
rication and water menisci balance is the peak of the 
lower water content· curve. The addition of more water 
results in more menisci, causing an increase in effective 
stress and a decrease in dry density because less par-
ticle interference is required to resist the applied 
pressure. At the low or minimum point between the two 
peaks, all possible menisci have developed. As more 
water is added, the increased pore pressure causes a 
decrease in effective stresses. A decrease in effective 
stresses reduces shear strength and thus allows the 
particles to slide over one another, thus increasing dry 
15 
density. At the·maximurn dry density of the second peak, 
the water starts to replace soil particles, causing a 
decrease in the dry density and thus causing the curve to 
go back down. 
·E. Objectives 
i.6 
This study is the fourth in a series of studies car-
ried out at South Dakota State University, under the 
sponsorship of the National Science Foundation, dealing 
with soils that produce irregular-shaped compaction curves. 
Two properties ·of soils that play an important part 
in both design and construction -are consolidation and 
permeability. Extensive research has been completed on 
these properties in relation to soils . that produce regu~ 
lar and irregular-shaped compaction curves. 
The objectives of_t~is .study are . twofold: (1.) First 
a relationship was sought between permeabi lity and den-
sity. (2) Secondly a relationship was sought .between 
cqnsolidation and density. 
The results obtained should provide information and 
explain the effects of consolidation and permeability on 
irregular-shaped compaction curves. This information 
could then be used to further compaction curve theories 
to include irregular-shaped compaction curves. 
CHAPTER II 
LABORATORY INVESTIGATION 
A. Soils Tested 
In order to adequately investigate permeability and 
consolidation, three different soil samples were selected 
(Table 1). The first soil tested was a natural soil, 
Washing~on Clay, which produced a single-peak compaction 
curve. The .second soil sample was a laboratory prepared 
sample of 75 percent sand and 25 percent illite. This 
combination produced a double-peak irregular-shaped 
compaction curve. The third and last sample tested was 
another natural soil, pure sand, which produced a one-
and-one-half peak irregular-shaped compaction curve . (4). 
Washington Clay, the laboratory prepared sample of 
sand and illite, and pure sand wer~ s~lected becau~e they 
were typical and representative of soils found all over 
the world and because they produce three differently 
shaped compaction curves. Ninety percent of all soils · 
of the world are made up of a combination of kaolinite, 
montmorillionite, illite, quartz, and feldspar. Quartz 
and feldspar are common framework or rock-forming min-
erals and are found in pure deposits commonly known as 
sand. Kaolinite, montmorillionite, and illite are all 
layered silicate minerals (14). 
17 
TABLE 1 
Selected Soil Samples 
Sample No. Sanda Illiteb 
Washington Clay 
1 Natural Soil 
2 75% 25% 
3 100% ---
* L i quid 1 i mi. t 
** Plastic index 
a Pure sand obtained locally 
LL* 
30 
17 
0 
b Illite obtained from Green Refractionery Co., 
Morris, Illinois 
18 
PI** 
8 
NP 
NP 
B. Testing Procedures and Apparatus 
The Standard Compaction Test AASHO {American Associ-
ation of State Highway Officials) Designation: ~99 - 70, 
also known as ASTM (American Society of T~sting Materials) 
Designation: D698 - 70, was used in the compaction of the 
soil samples. The Standard Compaction Test consists of 
the soil passing through a number 4 sieve, adding water, 
and compacting it into a 1/30-cubic-foot cylinder in 
three layers.with 25 blows per layer using a 5.5-pound 
compaction hammer dropping 12 inches onto the soil (Fig-
ure 5). This delivers a nominal compaction energy to 
the soil of 12,375 ft.-lb .. 
cu. ft. 
Because Washingto~ Clay and the laboratory sample 
of sand and illite contain very fine plate-shaped parti-
cles, a measurable quantity of discharge or drop in head 
in a standpipe cannot be measured accurately. Such soils 
can be tested for permeability to water by subjecting 
them to a fixed-ring consolidation test (Figure 6) , which 
in essence, is a pressurized drainage or permeability 
test. 
After the soil was compacted, the consolidation : 
test sample was taken. The ASTM Designation 2435-65T 
was the procedure followed during this test (2, 11). 
The consolidation test consists of a soil sample 
trimmed to a ratio of three to four, diameter to thick-
19 
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Figure 5. Standard Mechanical Con1paction Equipment Used. 
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ness. Th·i s sample is the n placed in a fi_xed-ring 
consolidometer wi th por o us stone on the upper and lower 
faces of t he sample. The s e porous stones allow the 
water . to flow into and out of the .sample . . The consoli-
dometer r ing is then placed in the consolidation load 
frame and a load block is placed on top of the sample. 
The sample is then saturated a nd at this point the con-
solidation loading procedure is ready to begin. A pre-
determine d load is then applied, and time vs. deformation 
data is obtained. The loading sequence was established 
as .25, . 50, 1.0, 2.0, 4.0, 8.0 tons per square foot of 
sample. Deformation readings were t aken at .10, .25, 
.50, 1.0, 2.0, 4.0, 8.0, 15.0, 30.0 , and 60.0 minutes 
and every 24 hours thereafter until t he sample deform-
ation practically ceased. At this point a new incre-
ment of load was applied and the p~oc~dure was rep~ated. 
Pure sand has a consolidation rate much too fast to 
obtain reli able permeability data by the consolidation 
method. The falling-head permeability t est (Figure 7), 
ASTM Des i gnation: 2434-65T was performed. 
·A 1/30-cubic-foot compaction mold wa s used for this 
test. After the sample was compacted , i t was saturated 
and then connected to the standpipe by a tube and the 
tube was then deaired. The standpipe was then refilled 
to a convenien t height and the test was started. Record-
23 
Figure 7. Fal l i ng Head Permeability Testing Equipment Used. 
ings are made of the change in head and the correspond-
ing time interval. A minimum of six trials were made at 
. each moisture content. 
' . 
24 
CHAPTER III 
DISCUSSION OF TEST RESULTS 
.A. .Compaction, Consolidation, and Permeability Effects 
An extensive laboratory investigation·involving 
.three different soils, 17 compaction tests, 11 consoli-
dation tests with 6 loadings each, and 6 permeability 
25 
tests of 6 trials each revealed the existence of irregular-
shaped compaction curves and several specific trends of 
permeability and consolidation related to both regular-
shaped and irregular-shaped compaction curves. The com-
paction, consolidation, and permeability data obtained from 
this laboratory investigation is shown· ·in Tables 2, 3, 
and 4. The results obtained from these data are shown 
in Figures 8 - 12. 
B. Analysis of Permeability Data 
Washington Clay was found to produce a regular or 
single-peak compaction curve. Table 2 shows that gener-
ally as pressure is increased (on soils of different 
moisture contents), permeability is decreased. As pres-
sure is increased, perm~ability will eventually reach an 
ultimate value of least permeability estimated at 3xlo-7 
in/min for this specific soil. This ultimate value of 
permeability corresponds to the point of complete void 
occupation by soil particles. 
Moisture 
% 
7.11 
9.60 
12.70 
19.00 
TABLE 2 
Summary of Conso1 idation and · Permeabi.1 ity Data 
for 
Washington Clay 
Dry Coefficient of Coefficient of 
Density Load Consolidation Permeability 
pcf tsf - in2/min (xl0-2) in/min (x10-7) 
198. 51 .650 .252 . 860 
1.139 2.082 18.090 
2.110 7.920 47.340 
4.964 2.580 6.250 
7.692 ·3. 460 9.880 
111 . 90 .489 2.440 17.250 
.652 .319 4.890 
1.298 2.520 45.980 
2.110 1.003 9.460 
4.226 2.520 15.240 
8.592 3.160 9.610 
115.34 .250 1.194 78.530 
.500 .207 12.770 
. 1. 000 •. 529 . 8.7.10 
2.000 .677 4.530 
4.000 1.104 4. 567 . 
8.000 2.203 5.346 
110.17 .250 3.960 ' 119.960 
~500 .611 8.670 
1. 000 1. 470 14. 100 
2.000 1. 500 7.540 
4.000 4.540 12.600 
8.000 3.175 ' 4.120 
26 
Because of the low loadings and past ·pre-consolida-
tion pressure, the initial portion of Table 2 ( 0 tsf _-
1.5 tsf) is inconsistent and any trends are virtually 
impossible to interpret. As more pressure is applied to 
the sample, differing only in density, the consolidation 
effect takes place. These samples, varying only· in 
starting densities, event~ally obtain the same density 
and same permeability. 
If the compaction curve (percent. moisture vs. dry 
density) and the percent moisture vs. permeability curve 
are compared for Washington Clay {Figure 8), it can be 
seen that they are "mirror images" of each other. At 
the peak point of highest density, there corresponds a 
peak point of lowest permeability. At any other point 
of lower density on the compaction curve, there corres-
ponds a higher value of permeability. 
The values of permeability on the dry side of op-
timum moisture content show a trend of very large re-
duction in permeability with a very small increase in 
moisture content. As more water is added above optimum 
moisture content, the value of permeability will rise 
only slightly, never reaching the permeability value 
obtained at low moisture content. 
The data for the three different curves in the per-
meability vs. percent moisture ~urve were obtained at 
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2, 3, and 4 tsf of loading (Table 2). Also it can be 
noted that all three lines do intersect at a point of 
lowest permeability (3.2 x lo-7 in/min). This result 
agrees with the results from Table 2 that as pressure 
is increased, there is a decrease in permeability until 
· it reaches a minimum point. This minimum point is a 
value greater than zero. Studies on the permeability 
of rocks have shown that even the soundest granite can-
not be regarded as impervious, . that is having a zero 
value for permeability (22). 
The laboratory-prepared sample of 75 percent sand 
and 25 percent illite produced a double-peak irregular-
shaped compaction curve~ Table 3 shows the permeability 
data obtained at different moisture contents and load-
ings. A definite trend of decreasing permeability at 
increasing pressure can be observed. Because of the low 
loads and pre-consolidation pressure, the initial por-
tion of the data is erratic. At approximately 8 tsf 
pressure the permeability tends to a single value. This 
value is noted to approach 1 x l0-7 in/min. 
Figure 9 is a graph of the permeability data for 
the laboratory-prepared samp-le of 75 percent sand and 
25 percent illite at loadings of 3, 4, and 5 tsf (Table 
3). A double-peak "mirror image" curve w~s produced 
with this particular sand and ~llite combination. A 
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Moisture 
% 
. 61 
1. 64 
2.80 
8.16 
12.10 
14.10 
TABLE 3 
Summary of Consolidation and Permeability Data 
for the 
75 Percent Sand and 25 Percent Illite Sample 
Dry Coefficient of Coefficient of 
Density Load Consolidation Permeability 
pcf tsf in2Jmi n (xl0-2) in/min (xl0-7) 
115.31 .238 ·- .615 .659 
.346 14.865 72.780 
.574 .203 1.094 
1.334 1. 370 5.480 
3.158 1 .870 3.890 
6.982 .567 .604 
117.36 .241 4.112 27.250 
.349 . 162 1 .450 
.588 1.453 11.660 
1. 335 1.742 7.130 
3.159 .948 2.870 
6.982 .436 .633 
109.03 .250 1. 410 92.070 
.500 3.000 67.790 
1 .000 .938 10.980 
2.000 .928 7.110 
4.000 1.380 4.930 
8.000 .454 .890 
121 . 49 .250 2.701 101.420 
. 500 2. 908 24.000 
1.000 1. 571 8.090 
2.000 .307 .970 
-. 
4.000 .599 1.090 
8.000 .093 .992 
119.38 .241 .036 . 102 
.577 .285 2.650 
1. 000 .287 1.860 
2.000 .613 3.000 
4.000 .742 1.750 
8.000 1.144 1. 570 
114.90 .241 . 024 . 021 . 
.588 .464 3.403 
1.000 .900 5.624 
2.000 1.326 6.111 
4.000 1.547 3.392 
8.000 1. 007 . 1. 289 
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relationship of high permeability at low density and low 
permeability at high density was observed ' in soils pro-
ducing irregular-shaped compaction curves. 
On the dry side of optimum .moisture content., the 
permeability tends to increase and decrease rapidly with 
a very small increase in moisture content. The value of 
permeability increases on the wet side of optimum mois-
ture content, but not as rapidly or as high as on the 
dry side. 
A one-and-one-half peak irregular-shaped compaction 
curve was produced from the sample of pure sand {data in 
Table 4). In the graph of permeability and dry density 
vs. percent moisture {Figure 10), a "mirror image 11 re-
lationship can be observed. At high densities there is 
a relatively low permeability and at low densities there 
is a high permeability. 
The rapid decrease in permeability on the dry side 
of optimum moisture content and the slight increase of 
permeabili ty on the wet side of optimum is also observed 
for the one-and-one-half peak compaction curve. 
At 2~ percent moisture content there is a very high 
permeability value relative to the permeability at 6 per-
cent moisture content. At low moisture contents, as ex-
plained by R. E. Olson, there is high surface tension on 
particles. This surface-tensi~n effect in combination 
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Moisture 
% 
2.61 
3.03 
4.79 
5.26 
7.19 
TABLE 4 
Permeability Data 
for 
Pure Sand 
Dry Density 
pcf 
115.54 
113.85 
112.74 
- 113.32 
112.54 
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Coefficient of 
Permeability 
in/min (x lo-7) 
6.31 
6.68 
4.65 
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with what has been termed an anti-lubrication or water-
menisci effect produced high density with large voids 
and relatively high permeability. 
C. Analysis of Consolidation Data 
The combination of minerals in Washipgton Clay are 
such that very high loads (12 - 20 tsf) would have to 
be applied to reach total consolidation. The equipment 
was such that the maximum load applied in this test was 
. 35 
8 tsf. As c~n be seen in Table 2, th~ data at ·different 
moisture contents have not reached the loading point at 
which the consolidation would stait to decrease as addi-
tional load was applied. Theoretically the consolida-
tion will approach zero, and at this point the individual 
soil particles would be crushed if more load were appl~ed. 
The consol idation data obtained from Table 2 at 
loadings of 1.5, 2, and 3 tsf are plotted in Figure 11. 
The single-peak compaction curve of Washington Clay and 
the corresponding "mirror image" of the consolidation 
vs. percent moisture curve can be observed. At the peak 
point of highest density on the compaction curve, there 
corresponds the low points of consolidation . There is 
no one point of lowest consolidation . This result agrees 
with Table 2, in that the load large enough to give this 
value of lowest consolidation was not tested. 
The rapid and large decrease in consolidation on 
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the dry side of optimum moisture content can be observed. 
It can also be noted that on the wet side of optimum 
moisture content and at low loadings (1.5 - 2 tsf) the 
consolidat ion vs. percent moisture curve is almost flat. 
The low loads and high moisture content are such that 
.the pore pressure is almost equal to the applied pres-
sure, thus resisting consolidation. 
A definite relationship of decreasing consolidation 
at increasing pressure can be observed for the labora-
tory-prepared sample of sand and illite in Table 3. The 
data representing the consolidation at different percent 
moisture tend to approach a single value. This value 
was unobtainable because of the large loads needed, 
approximately (10- 16 tsf). 
In Figure 12 a "mirror imagen effect of the double-
peak compaction curve and the consolidation vs. percent 
moisture curve is produced. Consolidation data obtained 
at loadings of 3, 4, and S tsf (Table 3) show a rela-
tionship of. low consolidation at high density and high 
consolidation at low density. The same relationship was 
found to apply to washington Clay, which produced a 
single-peak compaction curve. 
The trends of rapidly decreasing consolidation with 
small increases in moisture content, on the dry side of 
optimum content, can be noted. The increase on the wet 
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. .._ · , .. 
side of optimum moisture content does not reach the high- · 
est value reached on the dry side of optimum moisture 
content. 
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CHAPTER IV 
SUMMARY AND CONCLUSIONS 
A. . Summary of Results and Conclusions 
An extens ive laboratory investigation·was performed 
.on Washington Clay, a laboratory-prepared sample of 75 
percent sand and 25 percent illite, and on pure sand. · 
Washington Clay produced a single-peak or regular-shaped 
compaction curve. The laboratory-prepared sample of 
sand and illite produced a double-peak irregular-shaped 
compaction curve, and pure sand produced a one-and-one-
half peak irregular-shaped compaction curve. On the 
basis of the consolidation and permeability tests, on 
these t~ree different soils, several conblusions can be 
made regarding regular-shaped and irregular-shaped com-
paction curves: 
1. The permeability and consolidation data at low 
pressures are erratic and no definite trends 
are evident. The erratic nature of the data 
is the result of the very low loads and possible 
past pre-consolidation pressure. 
2. The permeability data at high pressures tend 
to decrease to a single point of least permea-
bility. The consolidation data tend . to approach 
zero as pressure is increased. 
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3. Comparing· soils that produce regular-shaped 
compaction curves ·and those that produce 
irregular-shaped compaction curves, the trend 
in both instances is one of decreasing per-
meabili ty with increasing pressure. 
4. In both regular-shaped and irregular-shaped 
compaction curves the consolidation tends to 
decrease as pressure is increased. 
5. Soils producing regular-shaped compaction curves 
and those soils producing irregular-shaped 
compaction curves follow the "mirror image" 
effect of low permeability at high density and 
high permeability at low density. 
6. The "mirror image" effect is produced when con-
solidation, density, and percent moisture are 
compared. At lo~ points of densify· there are 
corresponding high points of consolidation, and 
at high points of density there are correspond-
ing low points of consolidation. 
7. In both, regular-shaped and irregular-shaped 
compaction curve soils, a large decrease in 
both permeability and consolidation over a small 
increase in moisture content, on the dry side 
of optimum moisture content, was observed. 
This finding compared to slight increases in 
41 
permeability and consolidation on the wet 
side of optimum moisture. 
B. Recommended Areas of Future Study 
This study deals with the practical aspects of soils 
·producing irregular-shaped compaction curves. There are 
many other standard tests that could be performed on 
42 
these special soils. Direct Shear, Unconfined Compres-
sion, and California Bearing-ratio (CBR) tests are three 
that must be investigated before s0ils producing irregular-
shaped compaction curves can be fully understood. 
Soils producing oddly shaped curves must also be 
investigated by these practical tests. 
A testing procedure must be dete~mined to investi-
gate the areas of very low moisture content. 
The thixotropic e~f~cts on so~ls . that produc~ 
irregular-shaped compaction curves must be investigated. 
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